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Micro-electrode  arrays  constructad  from  reticulated  vitreous  carbon 
are  described  and  characterised.  Sterol og leal  analysis  and  cyclic 
voltanmetfic  data  Indicate  the  arrays  have  equivalent  radii  as  small  as 

9 

32  microns,  with  densities  as  high  as  1650  electrodes/cm  . 


Arrays  of  very  small  electrodes  were  constructed  from  nonconductlve 
epoxy  and  reticulated  vitreous  carbon  (RVC)t  polished  to  give  a  smooth  two 
dimensional  surface.  The  resulting  electrodes  yield  nearly  steady  state 
currents  at  convenient  rates  of  potential  scan.  Comparison  of  current 
densities  with  those  at  a  normal  glassy  carbon  electrode  Indicates  that  on 
the  time  scale  of  seconds  non-linear  diffusion  Is  the  predominant  mode  of 
mass  transport  to  the  electrode  surface.  The  approach  to  steady  state 
current  Is  related  to  the  ratio  of  boundary  length  to  surface  area  for 
the  various  arrays.  Equivalent  radii  calculated  from  the  boundary  densities 
as  if  the  carbon  structures  on  the  electrode  surface  were  disks  agree  well 
with  equivalent  radii  calculated  from  experimental  data  using  the  ratio  of 
the  forward  and  reverse  currents. 


The  analytical  application  of  very  small  voltanmetrlc  electrodes  was 
first  prompted  by  neurophysiological  problems*  both  In  vitro  and  In  vivo 
(1-3),  which  required  electrodes  with  small  dimensions.  Very  small 
potentlometric  electrodes  have  been  widely  used  for  physiological  measurements 
for  some  time  (4).  Apart  for  the  physical  size  of  very  small  voltanmetrlc 
electrodes,  they  have  other  advantages  arising  from  non-linear  diffusion 
at  conveniently  short  times  which  suggest  that  they  should  be  generally  useful 
In  snelys Is  (5).  Single  electrodes  of  very  small  dimensions  have,  however, 
the  disadvantage  of  requiring  specialized  Instrumentation  for  measurements 
of  currents.  Therefore,  when  small  overall  dimensions  are  not  required  for 
other  reasons,  arrays  of  very  small  electrodes  provide  the  possibility  of 
achieving  the  deslreable  characteristics  arising  from  non-linear 
diffusion  together  with  easily  measurable  currents.  The  first  arrays  of 
this  kind  were  constructed  using  photo-resist  technology  from  the  semi¬ 
conductor  Industry  to  form  a  Clark-type  electrode  with  multiple  cathodes 
for  the  measurement  of  p02  (6).  We  have  previously  used  arrays  of  electrodes 
based  on  glassy  carbon  covered  with  a  polymethylmethacrylate  (electron  beam  resist) 
Insulating  layer  through  which  micron-size  holes  were  made  to  form  an  active 
electrode  array  (7).  These  electrodes  were  suitable  for  testing  theories 
of  non-linear  diffusion  to  disks,  but  not  rugged  enough  for  routine  analytical 
use.  Recently  Wightman  et  al.  have  employed  arrays  of  carbon  fibers  for  use 
as  a  voltammetric  detector  In  high  performance  liquid  chromatography  (HPIC), 

In  which  detection  is  often  limited  by  noise  originating  from  pulsing  of 
the  pump  (8). 

Scharlfker  and  Hills  have  studied  the  nucleation  of  mercury  on  platinum 
and  carbon  micro-electrodes  (9).  These  electrodes  have  small  enough 
dimensions  (8  -  10  ym  In  diameter)  so  that  only  one  nucleus  Is  formed  on 


tba  electrode  surface.  This  makes  It  possible  to  deterelne  the  Induction 
period  for  the  formation  of  Individual  nuclei  at  a  given  over-potential. 
Mercury  files  on  nlcro-electrodes  have  proven  analytically  useful  for 
anodic  stripping  voltammetry  (ASV).  Anderson  and  co-workers  (10)  have 
deposited  eercury  flies  on  carbon  single  fiber  electrodes  tdth  6  \m  radii 
end  determined  cactalw  by  ASV  at  the  ppb  and  sub-ppb  level. 

Welsshaar  and  Tallman  (11)  have  examined  the  behavior  of  composite 
electrodes  constructed  from  Kel-F  and  graphite.  In  the  range  of  5-25X 
graphite  these  electrodes  exhibit  micro-electrode  behavior  and,  when 
examined  by  electron  microscopy,  appear  as  very  small  Islands  of  graphite 
In  an  Insulating  plane  of  Kel-F.  They  attempted  to  calculate  the  equivalent 
elcro-electrode  radius  of  these  electrodes  from  their  chronoamperometrlc 
behavior  using  the  equation  derived  by  Matsuda  and  co-workers  (12).  Only 
when  a  bl modal  distribution  of  micro-electrode  sizes  was  assumed  was  good 
agreement  obtained. 

For  very  small  electrodes  at  sufficiently  long  times,  mass  transport, 
and  hence  the  current,  depends  only  on  electrode  dimension.  For  example, 
for  the  desirable  geometry  of  the  disk  embedded  In  an  Insulating  plane, 
the  limiting  steady  state  current,  1$s(vA),  Is  given  by  the  well-known 
expression 

1$1  ■  4nFDC°a  (1) 

where  n  Is  the  number  of  electrons  per  mole  (equlv/mole),  F  Is  the  value  of 
the  Faraday  (C/equ1v),  0  Is  the  diffusion  coefficient  of  the  reactant 
(cm2/s),  C°  Is  Its  concentration  (mM)  and  a  Is  the  electrode  radius  (cm). 

The  current  1gf  Is  proportional  to  the  electrode  radius  and  thus,  for  the 
typical  case  In  which  backround  current  Is  proportional  to  area,  the  ratio  of 
faradalc  to  backround  current  should  Increase  with  decreasing  electrode 
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radius.  Furthermore,  the  steady  state  diffusion  layer  thickness.  Igg*  Is 
given  hy 
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and  Is  approximately  the  same  as  the  electrode  dimension,  a.  Any  process 
such  as  convection,  with  larger  characteristic  layer  thicknesses,  will  not 
Influence  the  steady  state  current.  This  Is  the  basis  for  the  use  of  these 
electrodes  In  flowing  systems,  for  when  the  dimension  a  Is  small  enough  the 
signal  should  be  Independent  of  flow  characteristics.  In  particular  the 
time  dependent  components  of  the  pumping  system  (8). 

Design  of  small  electrodes  to  achieve  steady  state  currents  requires 
knowledge  of  time  dependence  of  the  current  under  conditions  of  diffusion 
control  (12-15).  For  our  purposes  It  Is  sufficient  to  examine  the  ratio 
of  the  limiting  diffusion  layer  thickness  arising  from  linear  diffusion, 
dj  *  SnDT,  to  «$$  :  dj/djj  *  4*W(»^re).  For  convenience  we  consider 
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the  dimensionless  time  t  *  16Dt/ira  .  When  t»1,  and  steady 

state  currents  are  attained.  For  t«1,  d1«5$s  and  linear  diffusion 
controls  the  current.  In  the  Intermediate  region  mixed  behavior  Is 
observed. 

Very  small  electrodes  (l.e.,  those  with  t»1)  show  effects  of  slow 
charge  transfer  when  the  steady  state  diffusion  layer  thickness  (eq.  2)  Is 
comparable  to  the  kinetic  diffusion  layer  thickness,  D/k0',  where  k°'(cm/s) 
Is  the  apparent  formal  heterogeneous  charge  transfer  rate.  Swan  (16) 
has  derived  an  equation  which  describes  the  Influence  of  kinetics  as  a 
function  of  the  electrode  radius  for  spherical  diffusion, 

1  .  nFDk°*C0 
D  4  2k0' a 


c 


(3) 


where  1  (\A/af)  Is  the  exchange  current  density  and  the  other  symbols 
have  their  normal  meanings.  When  D/k°'»2a,  charge  transfer  Is  rate 
determining  and  1  ■  nFk°'c°.  But  for  0/ko<«2at  the  reaction  Is  diffusion 
controlled  and  1  *  nFDC°/2a,  the  stead/  state  current  density  for  spherical 
diffusion.  When  0/2k°'a  *  1,  the  voltammogram  will  show  mixed  control. 

Arrays  of  small  electrodes  connected  In  parallel  behave  quantitatively  as 
an  equivalent  number  of  Individual  micro-electrodes  when  the  spacing  between 
them  Is  sufficiently  large.  At  long  times  the  diffusion  layers  of  Individual 
electrodes  may  overlap,  resulting  In  a  decrease  In  the  (formerly)  stead/ 
state  current.  The  time  at  which  this  occurs  Is  a  function  of  both  the 
electrode  size  and  the  spacing  In  the  array.  Many  workers  have  Investigated 
this  problem  theoretically  (Ref.  15t  27,  and  references  therein).  Their 
results  show  that  at  very  short  times  the  chronoamperometrlc  current  Is 
best  described  by  linear  diffusion  to  the  active  electrode  area.  Conversely, 
et  very  long  times  the  current  Is  that  arising  from  linear  diffusion  to  the 
total  electrode  area.  Including  the  Insulating  spaces  between  the  Individual 
electrodes.  In  the  time  regime  between  these  two  extremes  the  current  Is 
governed  by  non-linear  diffusion,  and  the  diffusion  layers  expand  across 
the  Insulated  surface  at  the  rate  Ab/t.  Diffusion  phenomena  of  this 
type  are  Important  In  studies  of  charge  transfer  at  partially  blocked 
surfaces. 

We  have  Investigated  the  behavior  of  a  new  class  of  electrode  arrays 
which  exhibit  the  desirable  non-linear  mass  transport  properties  of 
micro-electrodes.  These  arrays  are  constructed  from  a  composite  prepared 
by  filling  the  voids  of  reticulated  vitreous  carbon  (RVC)  with  non- 
conductlve  epoxy  to  produce  a  two  dimensional  electrode  material.  RVC 
has  been  widely  used  for  a  number  of  years  as  a  three  dimensional. 


highly  porous  olectrode  material.  Although  Its  groatest  utility  has 
been  for  studios  In  flowing  systems  (17-19),  It  has  also  boon  used  In 
thin  sllcos  as  an  optically  transparent  electrode  (20)  and  as  a  high 
surface  area  electrode  for  coulometry  (21).  The  high  void  volume  and 
high  surface  area  of  RVC  translate  Into  large  separations  between  relatively 
small  electrode  segments  with  large  perimeters  when  the  RVC  Is  viewed  In 
cross  section  as  a  two  dimensional  structure.  This  Is  the  first  report 
of  Its  use  as  a  two  dimensional  electrode.  While  the  Individual  carbon 
structures  on  the  surface  are  rather  large,  the  unusual  shape  conferred 
by  the  cell  structure  of  the  RVC  produces  arrays  of  electrodes,  each  active 
member  of  which  has  a  large  boundary  density  (boundary  per  unit  area).  It 
Is  this  characteristic  which  produces  non-linear  diffusion,  and  hence 
approach  to  steady-state  currents  at  moderate  times. 

Stereologlcal  analysis  was  used  to  characterise  those  geometric  aspects 
of  this  new  class  of  electrode  which  could  be  correlated  with  the 
electrochemical  properties  sensitive  to  mass  transport.  The  most  Important 
are  the  surface  area  fraction  of  carbon,  A#,  the  boundary  density  of  carbon, 
P,  and  the  deviation  from  planarity  as  determined  by  Interference  microscopy. 

These  arrays  show  many  of  the  characteristics  of  the  single  micro¬ 
electrodes  and  micro-arrays  previously  studied.  They  are  extremely  easy 
to  construct  and,  unlike  the  electrodes  prepared  by  photo-resist  methods 
described  by  Slu  and  Cobbold  (6)  and  others  (13),  can  be  fabricated 
without  special  equipment  from  readily  available  and  Inexpensive  materials. 
The  estimated  material  cost  of  these  electrodes  Is  1-2  dollars  per 
electrode. 
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experimental  section 

Materials:  The  reticulated  vitreous  carton  was  obtained  free  Norrnar 
Industries,  Anaheim,  California.  The  structure  Is  characterised  fey  two 
nunbers,  the  compression  factor,  which  for  this  study  was  United  to  2  x  1 
and  4  x  1,  and  the  number  of  pores  per  linear  Inch  (45,  60,  80  and  100  were 
used).  In  general  the  higher  the  compression  factor  the  thicker  the  carton 
fiber  produced.  The  muter  of  pores  per  linear  Inch  determines  the  density 
of  the  Individual  electrode  surfaces  In  the  final  product. 

The  silver  epoxy  used  for  electrical  connections  was  Eccobond  Solder  57C 
manufactured  by  Emerson  and  Cuming,  Canton,  Massachusetts. 

The  Insulating  epoxy  used  In  all  applications  was  Buehler  epoxide  resin 
and  hardener,  catalog  numbers  20-8130-032  and  20-8132-032.  The  polisher 
used  to  polish  the  RVC  electrodes  was  a  Buehler  Mlnimet  automatic  polisher 
and  ell  polishing  supplies  were  obtained  from  Buehler,  Evanston,  Illinois. 

Electrode  Construction;  A  glass  tube,  6  mm  l.d.,  was  used  as  a  punch 
to  remove  a  core  of  RVC  from  a  block  1  cm  thick.  The  RVC  plug  was  then 
cleaned  with  an  air  jet  to  remove  any  loose  carbon  particles  created  by 
the  punch.  The  non-conductlve  epoxy  was  mixed  as  per  manufacturer's 
Instructions  and  poured  Into  acrylic  molds  (6  mm  l.d.)  and  the  RVC  plugs 
lowered  Into  the  epoxy  so  that  approximately  2  mm  remained  above  the  surface 
of  the  epoxy.  After  the  epoxy  had  set  for  8  hours  the  remaining  top  2  mm 
wes  filled  with  conductive  epoxy  and  a  small  nut  attached  for  future  electrical 
contact.  After  another  8  hours  the  unit  was  removed  from  the  mold  and  placed 
In  the  center  of  another  mold,  10  mm  l.d.,  which  was  then  filled  with  enough 
non-conductlve  epoxy  to  completely  surround  the  hardened  epoxy  plug  and  cover 
the  top  surUct  of  the  nut.  This  layer  serves  to  Insulate  the  electrical 
contact  from  the  test  solutions.  After  the  epoxy  had  hardened,  the  electrode 
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ms  rmaoved  from  the  mold  and  the  surface  cut  back  2-3  m  with  a  diamond  saw. 
exposing  the  two  dimensional  RVC  structure.  The  surface  ms  then  polished 
using  a  Bushier  Mlnlmet  polisher  (22)  starting  with  45  micron  diamond  and 
Mrklng  down  In  steps  to  0.25  micron  diamond.  The  final  polishing  step  was 
0.05  micron  alumina. 

Figure  1  shows  a  diagram  of  the  finished  electrodes.  An  Important 
feature  Is  that  the  nut  for  electrical  contact  Is  Isolated  from  the 
solution  by  the  same  epoxy  sheath  which  Insulates  the  rest  of  the  electrode. 

For  convenience  the  electrode  shaft  Is  also  made  from  the  same  non- conductive 
epoxy  molded  around  a  co-axial  cable. 

Stereoloqlcal  Analysis:  Point  and  Intercept  counts  were  made  on  the  five 
different  types  of  electrodes  (2  x  1  45  and  100,  4  x  1  60,  80  and  100)  using 
a  projection  microscope  and  transparent  overlay  grid  (23,  24).  Not  less  than 
thirty  fields  were  sampled  per  parameter  per  specimen  by  rotating  and  translating 
the  specimen.  This  produced  sampling  precision  within  approximately  5%  (relative 
standard  error  of  the  mean  In  percent)  for  all  the  parameters  measured. 

Procedure:  All  experiments  were  conducted  In  solutions  of  1.0  N  KC1, 
the  pH  ranging  from  2.6  to  7.6.  The  K^Fe(CN)g  used  was  reagent  grade  and 
was  used  without  assay  or  further  purification.  A  commercial  SCE  with  a 
Vycor  frit  and  a  Pt  counter  electrode  were  used  for  all  experiments.  The 
electrodes  were  polished  using  a  Buehler  Mlnlmet  polisher  designed  for 
metallurgical  samples  as  described  above.  Before  each  experiment  the 
electrodes  were  repollshed  with  0.05  micro  alumina  and  then  briefly 
rinsed  with  95%  EtOH.  Before  the  addition  of  the  K4Fe(CN)6  to  the 
buffered  solutions  the  electrodes  were  cycled  between  the  Initial  and  final 
potentials  (0.0  V  and  0.8  V  respectively)  at  100  mV/s  for  ten  minutes. 


Ttit  purpose  of  this  cycling  was  to  reduce  the  backround  currents 
to  a  lower,  constant  value.  The  resulting  electrodes  had  useful 
potential  ranges  very  near  that  of  normal  GCEs,  e.g.  at  pH  2.7  In  1  M 
KC1  the  anodic  Halt  Is  approximately  40.9  V  vs.  SCE  and  the  cathodic 
Halt  Is  -1.3V.  All  test  solutions  were  purged  with  purified  argon. 


RE! 

Micrographs  of  typical  finished  alactroda  surfaces  are  shown  In  Figure  2. 

The  electrodes  were  characterised  geometrically  by  measuring  the  fraction 
of  the  surface  area  occupied  by  carbon  (1e»  the  active  surface  fraction) 
and  the  boundary  lengths.  Area  fractions.  A#,  were  calculated  for  each 
field  as  the  nunber  of  hits  by  the  overlay  grid  Intersections  on  the 
carbon  divided  by  the  total  nunber  of  test  points  applied  to  the  microstructure. 
Boundary  lengths  per  section  were  calculated  as  follows: 

L.  ■  '"v.lAv.hW"/2)  <«> 

where  Pu  k  *  f  of  vertical  and  horizontal  test  line  Intersections 
v  »n 

M  ■  magnification 

L  .  ■  total  length  of  the  vertical  and  horizontal  lines  In  the  overlay  grid 
v.n 

The  results  of  these  measurements  are  summarized  In  Table  I.  Means, 
standard  deviations  and  standard  errors  were  calculated  for  the  above 
ratio  estimates  by  using  the  statistics  developed  by  Cochran  (25). 

The  actual  boundary  lengths  of  the  carbon  structure  were  calculated  by 
multiplying  l.  by  the  area  of  the  total  cross  section.  The  boundary  density. 

O 

P.  Is  the  mean  boundary  length  per  mean  carbon  area*  or  r#/JCa.  Theoretical 
values  for  this  ratio  for  a  disc,  square  and  equilateral  triangle  are  2/a. 

4/a.  and  6.9/a  respectively,  where  a  Is  either  the  radius  or  the  length  of 
a  side.  For  a  rectangle,  the  ratio  approaches  2/a  as  the  length  of  the  short 
side.  a.  approaches  zero.  For  shapes  with  some  of  the  characteristics  present 
In  the  carbon  micro-structure,  such  as  a  square  and  triangle  with  concave 
sides,  the  values  for  this  ratio  are  7.3/a  and  19.5/a  respectively. 

These  models  were  based  on  the  shapes  created  between  touching  circles 
of  equal  radius.  Thus,  the  larger  the  experimental  value  of  P,  the  more 


complex  the  shape  of  the  active  carbon  area.  The  uncertainty  In  this 
parameter,  was  derived  by  a  method  discussed  by  Kline  and  McCIIntock  (26) 
and  Is  given  by: 

l 


where  U.  ■  the  uncertainty  In  A. 

"a  ■ 

and  ML  ■  the  uncertainty  In  L. 

fca  1 

In  this  study,  95*  confidence  limits  were  used  for  W.  and  U,  . 

*a  La 

Preliminary  topographical  analysis  was  also  conducted  using  Interference 
microscopy.  During  polishing,  composites  containing  materials  with  different 
hardnesses  erode  nonunlformly.  Measurements  on  these  electrodes  after 
polishing  showed  that  the  carbon  surfaces  are  higher  than  the  surrounding 
plane  formed  by  the  insulating  epoxy.  The  carbon  structure  shown  In 
Figure  2b  ascends  gradually,  reaching  an  elevation  at  Its  center 
approximately  0.5  microns  above  the  surrounding  plane  of  epoxy.  Since  this 
Is  less  than  2*  of  the  total  width  of  this  particular  structure,  and  the  micro¬ 
electrode  diffusion  layer  Is  hemispherical  at  long  times  (15),  this  deviation 
from  planarity  should  not  greatly  affect  the  characteristics  of  mass  transport 
to  the  electrode.  Materials  which  have  a  greater  carbon  density,  such  as 
the  4  x  1  60  and  80  samples,  show  elevations  In  excess  of  2  microns,  which 
Is  the  useful  limit  of  the  Interference  technique  used  for  these  measurements. 
For  purposes  of  understanding  the  diffusion  phenomena  characteristic  of 
these  electrodes  and  ensuring  quantitatively  reproducible  behavior  from 
electrode  to  electrode,  polishing  to  a  flat  surface  Is  essential.  However, 
for  analytical  purposes  this  requirement  can  be  relaxed  significantly. 


The  electrochemical  behavior  of  these  electrodes  mbs  examined  by 
cyclic  voltaranetry  and  by  rotating  disk  voltanmetvy.  The  data  obtained 
generally  led  to  the  same  conclusions,  so  only  the  results  of  cyclic 
voltammetry  are  presented  here.  As  might  be  expected,  the  shape  of  the 
cyclic  voltasnogram  at  the  electrode  array  Is  almost  completely  Independent  :• 
of  scan  rate  up  to  very  high  scan  rates.  Similarly  the  peak  currents 
at  these  arrays  do  not  Increase  with  the  square  root  of  the  scan  rate, 
as  expected  for  reversible  reactions  under  conditions  of  linear  diffusion. 

Cyclic  voltammograms  at  the  electrode  arrays  are  compared  with  those  at  a  glassy 
carbon  disk  electrode  having  3  mm  radius  In  Figure  3.  As  can  be  seen,  the 
electrode  array  produces  nearly  a  steady  state  current  which  varies  little 
with  Increasing  scan  rate.  Figure  4  displays  the  dependence  of  ln(peak  current) 
on  ln(scan  rate),  which  for  linear  diffusion  should  be  linear  with  a  slope  of 
0.5.  The  electrode  arrays  exhibit  neither  this  behavior,  nor  complete 
Independence  from  the  scan  rate.  Indicating  mixed  mass  transport  inodes. 

The  equation  derived  by  Swan  (16)  and  the  much  more  elaborate  treatment 
of  Amatore.  et  al.  (27)  lead  one  to  expect  that  these  electrode  arrays  will 
be  more  sensitive  to  electron  transfer  rates  than  larger  electrodes.  The 
electron  transfer  rate  for  the  oxidation  of  ferrocyanlde  on  glassy  carbon  Is 
known  to,  be  pH  sensitive  (28.29).  with  the  reaction  becoming  less  reversible 
at  higher  pH  values.  Figure  5  shows  cyclic  voltammograms  for  a  customary 
glassy  carbon  electrode  and  a  typical  RVC-based  array  at  low  and  neutral 
pH.  As  Is  readily  apparent,  the  array  shows  much  greater  Irreversibility 
than  the  glassy  carbon  electrode  under  these  conditions.  This  behavior 
can  be  predicted  qualitatively  from  eq.  3. 

Since  non-linear  diffusion  dominates  the  mass  transport  to  the  electrode 
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surface  the  current  density  should  Increase  with  Increasing  boundary 
density*  Table  21  shows  that  current  densities  are  50-140X  greater  than 
those  for  a  glassy  carbon  electrode  with  3  an  radius  under  Identical 
experimental  conditions.  For  comparison  the  equivalent  radius  of  a 
micro-electrode  disk  calculated  from  P  ■  2/r  Is  Included. 

Cyclic  voltammetry  under  steady  state  conditions  produced  by  non¬ 
linear  diffusion  produces  S-shaped  waves  rather  than  the  usual  peaked 
response.  A  property  of  micro-electrodes  frequently  cited  Is  that  the  reverse 
current  In  cyclic  voltanmetry  approaches  zero  as  the  electrode  radius 
decreases.  The  ratio  of  forward  to  reverse  current  should  be  related, 
therefore,  to  the  equivalent  radius  calculated  from  the  stereologlcal 
data.  Adams,  et  al.  (14)  have  derived  a  relationship  between  the  forward 
and  reverse  currents  In  cyclic  voltammetry  which  can  be  solved  for  the 
micro-electrode  radius 


where  Q  *  0.92  for  micro-electrodes,  a  Is  the  electrode  radius,  v  Is  the 
scan  rate,  and  the  other  symbols  have  their  usual  meaning.  This  equation 
has  an  Intuitive  justification  and  should  apply  only  for  cases  In  which 
x  -  1  (1e,  non-linear  diffusion  perturbs  the  linear  diffusion  profile). 

In  the  limiting  case  of  very  large  radius  (macro-electrode  dimensions) 
or  very  fast  scan  rates  the  ratio  approaches  1,  the  result  found  by 
Nicholson  and  Shaln  (30).  Adams,  et  al.,  after  deriving  eq  6, 
did  not  apply  it,  because  of  the  difficulty  In  Identifying  a  baseline 
for  measurement  of  the  reverse  current.  Simple  extrapolation  of  the 
forward  scan  current  decay  to  provide  a  baseline  for  measurement  of  the 


reverse  current,  the  nethod  of  Nicholson  and  Shaln,  Is  Impossible  due  to 
the  steady  state  Halting  currents. 

To  apply  this  equation  we  have  calculated  a  baseline  taking  t  ■  0  at 
E  *  tyj  and  assuming  current  decreases  as  1//F.  This  calculation  was  first 
applied  using  data  from  a  glassy  carbon  disk  electrode  with  3  an  radius; 
applying  eq.  6  gave  a  radius  of  1  am  and  an  Intercept  of  0.98*  close  to  the 
expected  value  of  1.  Table  II  reports  the  calculated  radii  for  the  five 
different  electrode  materials  using  this  method  along  with  the  equivalent 
radii  calculated  from  the  stereologlcal  data.  The  data  from  which  the 
values  shown  In  Table  II  are  derived  are  presented  graphically  In  Figure  6. 
Ideally  all  the  data,  when  extrapolated  to  Infinite  scan  rate,  should  pass 
through  1f/1r  *  1#  the  limiting  case- for  linear  diffusion.  Uncertainties 
Introduced  by  the  calculated  baseline  result  In  Intercepts  substantially 
greater  than  1.  For  the  faster  scan  rates  of  200,  100  and  50  mV/s»  where 
linear  diffusion  predoml nates,  the  current  ratios  are  linear  In  v”1^2  and 
yield  values  of  a  very  close  to  those  calculated  from  the  stereologlcal 
data. 

At  scan  rates  slower  than  50  mV/s  three  of  the  electrode  arrays  show 

abrupt  departures  from  linearity.  Calculations  show  that  this  Is  very 

probably  due  to  overlapping  of  the  Individual  diffusion  layers.  Table  II 

2 

also  lists  the  number  of  equivalent  micro-disks  per  cm  and  their  mean 
equivalent  spacing.  Using  as  the  rate  of  expansion  of  the 
diffusion  layers  along  the  electrode  surface  (15),  the  time  at  which 
the  diffusion  layers  reach  each  other  can  be  calculated  (also  listed 
In  Table  II).  This  calculation  describes  qualitatively  the  deviations 
seen  In  Figure  6.  The  material  with  the  shortest  Interaction  time 


(2.9s  for  the  4  x  1  80)  frm  tht  prediction  of  eq.  6  diverges  et  higher 
seen  rites  end  with  greeter  abruptness  than  any  of  the  other  electrodes. 

The  two  aaterlals  with  the  longest  tine  to  overlap*  2  x  1  45  at  13  seconds 
and  4  x  1  €0  at  10  seconds*  show  linearity  through  the  whole  range  of 
scan  rates  studied.  It  should  be  noted  that  In  this  treatment  of  the 
data*  comparing  lj/lr,  the  overlap  of  diffusion  layers  not  only  decreases 
forward  currents  but  also  Increases  reverse  currents*  because  product 
from  one  active  electrode  area  can  react  at  another  electrode. 

This  treatment  differs  considerably  from  that  proposed  by  Matsuda 
(12)  and  recently  applied  by  Tallman  (11)  because  of  the  nature  of  the 
arrays  studied.  Their  calculation  assumes*  and  their  electrodes  are 
designed  such  that*  the  size  of  the  spacing  between  the  electrodes  Is 
approximately  equal  to  the  electrode  dimensions.  The  data  published  by 
Matsuda  Indicates  that  diffusion  layer  overlap  occurs  In  the  range  of 
10*750  msec  for  Ms  experimental  conditions*  using  OT  as  the  rate  of 
diffusion  layer  expansion  along  the  electrode  surface  (15).  Tallman's 
case  Is  similar  In  that  the  mean  values  of  the  micro-electrode  equivalent 
radius  and  Insulating  particle  equivalent  radius  are  nearly  equal* 

Indicating  diffusion  layer  overlap  at  0.4-1. 1  seconds.  Their  calcula¬ 
tions  are  then  based  on  a  cylindrical  diffusion  field,  the  dominant  mode 
of  mass  transport  on  the  time  scale  of  their  experiments.  Because  our 
electrodes  are  separated  by  hundreds  of  microns*  rather  than  tens  of 
microns*  the  time  to  overlap  of  diffusion  layers  Is  an  order  of  magnitude 
longer,  3-13  seconds*  and  hemispherical  diffusion  dominates  mass  transport 
to  the  electrode  surface  during  the  time  regime  of  the  experiments  conducted. 

We  conclude  that  the  features  of  these  electrodes  are  well -described 
by  simple  theories  of  non-linear  diffusion,  and  that  a  uniform  disk 


shape  Is  not  ntesssary  for  good  perforaance  of  micro-electrodes.  The 
determining  factor  Is  the  boundary  density  of  the  material  •  and  e 
material  with  a  given  boundary  density  will  behave  like  a  disk  with  an 
equivalent  boundary  density.  This  point  has  been  made  recently  In 
another  context  by  Myland  and  Oldham  (31),  and  Saveant  and  co-workers 
(27).  This  has  significant  analytical  Implications,  for  If  analytically 
useful  results  required  that  electrodes  of  this  size  be  of  a  specific 
and  controlled  geometry,  the  possible  applications  would  be  severely 
restricted  by  the  difficulty  and  expense  of  fabrication.  For  the 
chemist  Interested  only  In  the  analytical  applications  of  micro-electrode 
technology.  It  Is  physically  easier  to  construct  electrodes  using  the 
boundary  density  principle  than  to  make  an  array  of  hundreds  or  thousands 
of  wires  for  an  electrode  array  with  the  same  total  surface  area.  The 
electrodes  studied  here  have  the  equivalent  of  500  to  1500  Individual 
fibers,  a  staggering  number  to  assemble  by  hand.  Finally,  we  are  extending 
this  work  to  many  other  porous  electrode  materials. 
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Figure  Captions 

Figure  1:.  Configuration  of  electrode  constructed  from  RVC  Infused  with 
non-conductlve  epoxy;  a)  electrode  shaft*  b)  contact  screw* 
c)  rubber  "0”  ring*  d)  non-conductlve  epoxy  sheath*  e)  contact 
nut*  f)  silver  epoxy  In  RVC*  g)  RVC  Infused  with  non-conductlve 
epoxy. 

Figure  2:  Micrographs  of  two  different  electrodes  representative  of  the 

general  class  of  RVC  based  materials.  A)  2  x  1  100  electrode 
magnified  50X*  B)  the  same  electrode  with  the  central  section 
magnified  to  10QX.  The  structure  pictured  Is  approximately  1000 
microns  long  and  30  microns  wide*  C)  4  x  1  80  electrode  magnified 
50X,  d)  the  central  section  of  the  same  electrode  magnified  100X. 
The  main  structure  pictured  Is  700  microns  long  and  from  30  to 
120  microns  wide. 

Figure  3:  A  cyclic  voltammogram  of  5  nM  Fe(CN)^  In  1  M  KC1*  pH  •  2.7 

a)  2  x  1  100  electrode  array  at  100  mV/s*  b)  same  electrode 
at  500  mV/s*  c)  6  mm  6CE  at  100  mV/s*  d)  the  same  electrode  at 
500  mV/s. 

Figure  4:  The  dependence  of  the  cyclic  voltammogram  peak  current  on  the 

scan  rate  for  a  €  mm  GCE  and  five  different  RVC-based  electrode 
arrays;  a)  6CE,  b)  4  x  1  80*  c)  4  x  1  100,  d)  4  x  1  60* 
e)  2  x  1  100,  f)  2  x  1  45. 

Figure  5:  Voltammograms  of  5  «iM  Fe(CH)^  at  pH  2.7  (a  and  c)  and  pH 

7.7  (b  and  d)  for  a  4  x  1  80  micro-electrode  array  (a  and  b) 
and  a  6  mm  6CE  (c  and  d). 

Figure  6:  The  ratio  of  the  forward  to  reverse  current,  using  a  calculated 

1/vT  decay  for  baseline  subtraction,  versus  1//7  (the  scan  rate 
In  V/s)  for  a  GCE  and  five  different  electrode  arrays; 
a)  2  x  1  45,  b)  4  x  1  60,  c)  6mm  GCE,  d)  2  x  1  100, 
e)  4  x  1  100,  f)  4  x  1  80. 
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